I. INTRODUCTION
The development of technologies related to the magnetic recording industry and the spread of wireless communication systems is an important incentive to focus on magnetic materials, which can be used in high-frequency applications.
1,2
Depending on the application, the requirements, which must be satisfied by these materials, can vary considerably. For instance, in order to improve the design of a high-frequency inductor we can use a soft magnetic material with high ferromagnetic resonance (FMR) frequency. A narrow FMR line and a high real component of the magnetic permeability are in this case desirable. Somewhat different properties must be satisfied by the materials, which are used for band stop filters which depend on the absorption of microwave power at FMR frequency; the position and the width of the FMR line must be adjustable depending on the working frequency range. Therefore it is desirable to obtain a magnetic material, which can be used for a large range of frequencies. The high-frequency properties of this material will be artificially modified changing the extrinsic parameters of the samples.
In order to have a "tunable" magnetic material, the magnetocrystalline anisotropy has to be minimized. This can be performed by choosing a nanocrystalline structure with random orientation of the grains. 3, 4 An important factor is also the saturation magnetization M S . In almost all highfrequencies applications involving a ferromagnetic material, an increase of M S leads to an improvement of the physical property of interest. For example we have (i) for an inductor, a higher M S increases the inductance and the frequency range, and (ii) for a stop band filter higher M S means higher power absorption.
At any rate, in this article we present a study of the high-frequency response of Fe-Zr-N thin films with a nanocrystalline structure and uniaxial induced anisotropy, where we concentrate on the topography variation of the substrate on which the films are deposited. Indeed, it is shown that substrate roughness induces significant changes of the magnetization dynamics. The FMR frequency distribution is very broad and the average FMR frequency is shifted upward corresponding to an extra field of about 35 Oe for the sample deposited on the roughest substrate. Finally, we discuss the origin of both the broadening and the frequency shift.
II. EXPERIMENT
The deposition method used for the production of the samples was dc reactive sputtering in an Ar+ N 2 gas mixture. We have kept the same sputtering parameters for all samples used in this investigation. The target material was a Fe-Zr alloy with a Zr concentration of only 1%. This small amount of Zr has the role of increasing the nitrogen uptake and may act also as a thermal stabilizer in subsequent treatments. Here, only the first Zr-related property was considered for this study, since no thermal treatments were performed. The film thickness was fixed at 110 nm. Another important factor in sample deposition was the temperature of the substrate. All samples were produced at temperatures below −20°C producing grain sizes around 2 nm (see Table I ). More details about this deposition technique are given elsewhere. 5,6 a) Author to whom correspondence should be addressed; present address: MESAϩResearch Institute, 7500 AE Enschede, The Netherlands; electronic mail: c.b.Craus@el.utwente.nl
In order to change the topography of the samples, we have used the following substrates: (i) Si oxide, (ii) Si covered with a thin organic layer, and (iii) Si oxide covered with a 300-nm Cu layer. The second substrate was prepared by applying a uniform layer of dinitro cellulose in a solution of amilacetate and acetone (colodium) with a thickness of 1 m.
In order to obtain the average grain size and the nitrogen content, the structure was investigated by x-ray diffraction (XRD). We have used for these purposes the Scherrer formula and the relation between the lattice constant and nitrogen concentration. 5 Based on the average lattice parameters, the samples A and B had a nitrogen content of 16%. For the sample deposited on Cu the XRD technique was ineffective because of the superposition of the diffraction peaks of Cu substrate and sample. Because the substrate temperature of −24°C was almost the same as for the other samples, we expect that the grain size and the nitrogen content will be similar. The surface topography of the samples was analyzed with an atomic force microscope (AFM).
The dc magnetic properties were studied with a vibrating sample magnetometer (VSM). We have measured the highfrequency magnetic response with a single-coil system connected to a network analyzer. 7 An electron-spin-resonance (ESR) setup working in X band ͑9.4 GHz͒ was also used.
III. RESULTS

A. Surface morphology
The AFM scans of samples B and C are presented in Figs. 1(a) and 1(b). We have observed that the film surface roughness increases going from sample A (Si-oxide substrate, not shown here) via sample B (organic substrate) to sample C (Cu substrate). The substrate morphology revealed similar features with those of the film surface upon 110-nm deposition of Fe, indicating replication of the substrate topology. This was observed on AFM scans of those regions of the samples which were not covered by the magnetic material due to the substrate holder shadowing effect. The orientation of the coordinate system used here is given in Fig. 2 .
Indeed, the height-difference correlation function g͑x͒ = ͓͗h͑x͒ − h͑0͔͒ 2 ͘ in the fast scan direction was computed (and averaged along the z direction or slow scan direction), where h͑x͒ is the surface height at lateral position x on the surface relative to the mean surface height. A typical example is shown in Fig. 1(c) . For a self-affine rough morphology we have
with the lateral correlation length, w = ͱ͗h 2 ͘ the rms roughness amplitude, and ϰ w / H the average local surface slope. Therefore, the rms roughness amplitude w can be obtained from the regime of saturation of g͑x͒ (where its measurement requires a scan size Ͼ10), while a double log plot at shorter length scales yields the roughness exponent H [ Fig. 1(c) ]. As H decreases, the surface becomes more irregular (jagged) at short length scales ͑x Ӷ ͒. Finally, the correlation length is given from the intersection of power-law and saturation lines by = ͑2w 2 / 2 ͒ 1/2H . The measurement of the roughness parameters w, , and H allows further calculation of the demagnetizing factors. The roughness analysis for the sample shown in Figs. 1(b) and 1(c) (Fe/ Cu; scan size 3000 nm) yielded H = 0.92± 0.05, w = 5.1 nm, and = 78.2 nm. For the sample B shown in Fig. 1 (a) (Fe-Zr-N/polymer) the rms roughness amplitude is saturated over scan sizes 6000 nm or more due to the presence of the hillocks, yielding w = 2.3 nm. These hillocks have lateral base dimensions L Ϸ 400 nm with average height ⌬ Ϸ 5 nm and are very likely to dominate magnetic film characteristics. Finally, for the Fe films deposited onto Si oxide the obtained rms roughness amplitude was Ϸ0.3 nm thus excluding any significant contribution of surface/interface roughness on magnetic properties.
For the film shown in Figs. 1(b) and 1(c) the demagnetizing factors are calculated as follows. If we assume isotropic and translation invariant random roughness in two dimensions, then the average in-plane demagnetizing factor is given by
with h f ͑k͒ and h s ͑k͒, respectively, the two-dimensional Fourier transform of the film surface and substrate height fluctuations. A is the average macroscopic flat surface area. Note that the diagonal components of the demagnetizing factor are determined by the relations N xx = N zz (isotropic roughness) and N xx + N yy + N zz = 1. The approximation, which we make, is that everywhere the spins are parallel. For conformal to substrate film surface roughness, or h f ͑k͒ϵh s ͑k͒, Eq. (3) yields
In order to calculate the demagnetizing factor we assume a simple Lorentzian model for the roughness spectrum and 1(c)] we obtain the in-plane demagnetizing factors N xx = N zz = 3.6ϫ 10 −3 . Furthermore, for sample B shown in Fig.  1 (a) the demagnetizing factor was estimated using a different approach since the surface has a different hillock configuration. Here we can approximate the large wavelength features with uniform magnetized ellipsoids having the long axis equal with L and the short axis equal with ⌬. In this case we obtain (Ref. 12) N xx = N zz Х 1 ϫ 10 −3 .
B. Magnetic characterization
We present in Fig. 3 the hysteresis loops of the samples measured with applied field, H dc , parallel and perpendicular to the easy axis (EA). In the coordinate system chosen the Oy axis is perpendicular to the surface, EA is along the Oz axis and the rf field is along Ox. All samples measured in the EA orientation had values of the remanent magnetization almost equal to saturation values. This shows that a stable single-domain magnetic structure is formed even when the external field is zero. The initial permeability is larger than N xx −1 = N zz −1 , i.e., the system does not form domains in order to keep the internal field zero, which would minimize the magnetostatic energy. The reason for this behavior lies on the fact that the spins cannot follow all the topography variations due to the significant strength of the exchange interactions. Moreover, the values of the coercive fields for the hard axis orientations in Figs. 3(b) and 3(c) are rather remarkable. Indeed, because these values are close to the easy axis orientation, we associate a noncoherent spin rotation in the case of magnetization reversal along the hard axis orientation.
In principle the uniaxial anisotropy field, H K , can be extracted from the hysteresis loops measured in the hard direction. Its origin is in a preferential distribution of the nitrogen atoms in the octahedral interstitial positions of the cubic lattice. 13 We could estimate reliably H K in this way only for sample A, which has a coercive field of about 1 Oe. For samples B and C, where the coercivity is much higher, we estimate that H K does not exceed 25 Oe. A better estimation of H K field was performed using FMR at 9.4 GHz (see Table  II ). Figure 4 shows an example of the X-band measurements. As pointed out by Oates et al. 14 the output signal of an ESR spectrometer is composed of absorption and dispersion lines. In the ideal case only the absorption line should be observed. By introducing a dispersion component we can fit the signal correctly and determine the resonance field H R together with the field linewidth ⌬H. The analysis can be performed using the following formula:
where y is the field derivative of the absorbed power during FMR process, the coefficients a and b are the amplitudes of the absorption and dispersion signals, respectively. Because the field derivative y is measured in arbitrary units, the values of a and b are difficult to be related directly with a physical parameter like the permeability. However, here we are only interested in a correct description of the spectrum 2005) shape in order to extract the linewidth and the resonance field values. An example of such a fit is presented in Fig. 5 . As already mentioned, H K was calculated from the half of the difference between H R obtained with Eq. (6) for the situation when the external field is oriented in the plane of the sample perpendicular to EA and parallel to EA, see Fig. 4 . The values of ⌬H / 2 corresponding to the FMR lines in Fig.  5 are also included in Table II . The values of 4M S as given in Table II are calculated  assuming 15 g = 2.1 for all the samples used in the present study. In fact, for the estimation of 4M S we have taken into account not only the X-band measurements, but also the frequency-dependent permeability (see later). Since all samples were deposited in almost the same sputtering conditions, it is expected not to be a significant variation of the saturation magnetization M S .
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The frequency-dependent permeability of the samples is presented in Fig. 6 . A clear difference can be observed between the sample deposited on Si and the samples deposited on the organic and Cu-covered substrates. While sample A presents a relatively sharp resonance with a ⌬ Х 520 MHz, the resonances in samples B and C were very broad, with a frequency width half maximum (FWHM) larger than 1 GHz. This increase of the linewidth is accompanied by an increase of the average resonance frequency, corresponding to the zero crossing of the real part of the permeability Ј. It is evident that a correlation exists between the sample roughness and the high-frequency response.
Method 1
As a first method of analysis, we suppose that in samples B and C the local demagnetizing field is oscillating from one region to another and has the following position dependence: H dz = H 0 cos͑kz͒ = H 0 cos͑͒ where ⑀͓0,͔ and 2 / k is appreciably larger than the correlation length . For coherent rotation of spins, the dynamics of the system can be reasonably well described by the Landau-Lifshitz equation. 16 Details about the solution of this equation are given elsewhere. 17, 18 We note that no eddy current effects are expected because the chosen film thickness is much smaller than the skin depth for our N-rich nanocrystalline thin films. Furthermore, in order to fit our frequency-dependent spectra, we have considered the total local field
where H dem = ͑0,4M S ,0͒ is the demagnetizing field in the absence of surface roughness and H d = ͑H dx , H dy , H dz ͒ is the local demagnetizing field, which should not be confused with the average value calculated on the basis of the demagnetizing factor coefficients (N xx , N yy , and N zz ). H Shift is an extra field needed to obtain a good fit of the experimental data. Its origin is discussed in the next section and is related to the material nanostructure. The frequency-dependent magnetic response of the system is obtained by calculating the envelope of the permeability curve = ͑͒ over a period of the oscillating H d . For this analysis we have chosen n = 20 equidistant values of and the same damping constant ␣ frequency for each individual spectrum. Since ␣ frequency does not influence significantly the FMR frequency, its effect on the simulated spectra is only to modify the FMR linewidth of the individual spectrum. An increase of n did not change the values of ␣ frequency as a free parameter in the fitting procedure. Figure 6 presents the fits based on this model of H d . In Table II we present the results of this analysis. We see that the amplitude of the demagnetizing field H d increases clearly with the roughness. Like H 0 , H Shift correlates with the roughness of the films and will be subject of discussion in the next section. Note also that in Table II we use two different notations for the damping parameter: one as determined from the frequency-dependent measurements (presented above) and a second one for the field-dependent spectra ͑␣ field ͒. This is made in order to stress the distinction between the frequencies and magnetic fields specific for each type of measurement.
Method 2
We can also estimate the distribution of local demagnetizing fields by transforming the spectra = ͑f͒ into = ͑H eff ͒ via the dispersion relationship
͑8͒
where ␥ = g B / ប is the gyromagnetic ratio and B is the Bohr magnetron. The effective field acting on the spins is given by H eff = H k + H Shift + H d . If we neglect the intrinsic linewidth with respect to the inhomogeneous broadening of the resonance line, the curve of Ј versus H eff reflects the distribution of the local-fields H d (Fig. 7) . This is a reasonable assumption, because the linewidth for sample A is much narrower than for B and C. On the other hand, for a successful fit assuming a sinusoidal wave variation of H d we had to introduce a much larger homogeneous linewidth for samples B and C. Thus, we may overestimate the width of the distribution by this method. However, the large homogeneous linewidth used in method 1 may also be (partly) the consequence of the fact that the local-field distribution is assumed to be sinusoidal. These results show some evidence for an increased homogeneous linewidth for samples B and C. At any rate, both methods 1 and 2 gave rather comparable results. We see that the values of the half linewidths (32 and 54 Oe) are very close to those of H 0 presented in Table  II . We also noticed that the average field was much larger than the anisotropy H K .
IV. DISCUSSION
Based on the interpretation given in Sec. III, we summarize the effects observed on the FMR absorption line: (i) the line asymmetry, (ii) the line position, and (iii) the homogenous linewidth as observed in the damping parameter.
Line shape. Our permeability measurements clearly
show that there exists an asymmetric distribution of resonance frequencies. We ascribe this to a distribution in local demagnetizing fields, due to the roughness of both film interfaces. In comparing with the AFM analysis, we have to realize that due to the strong exchange interactions, the spins are coupled over regions with an in-plane area proportional to the square of the magnetic correlation length m . In the context of the random anisotropy model, for pure nanocrystalline Fe (Ref. 19) , m increases significantly from 40 up to 120 nm with the decrease of the grain size from 20 to 10 nm. Although the average grain size of our samples is smaller, we expect a magnetic correlation length in this range of magnitude for the samples B and C. The reason is the presence of the dipolar interactions due to the surface morphology. Only the structural irregularities larger than m will lead to variations in the resonance frequency of the local magnetization, i.e., to inhomogeneous line broadening. Although a quantitative comparison is difficult, we expect that the average demagnetizing field H zz = N zz 4M S as calculated from the AFM profiles will be close to the halfwidth of the local-field distribution (method 2) or, alternatively, to the amplitude of the sinusoidal variation H 0 (method 1). For sample B, the size of the hillocks L Х 400 nm is much longer than the magnetic correlation length, so that H zz = N zz 4M S Х 15 Oe is the appropriate estimate for the interface roughness. Given the very rough nature of this estimate, this is in agreement with the permeability estimates: 25 Oe (method 1) and 32 Oe (method 2). For sample C we have a lateral correlation length = 78 nm. It turns out that limiting the integration in Eq. (4) to k max =2 / m has a negligible influence on the value of N zz . The value N zz 4M S = 55 Oe compares well with the permeability estimates: 44 and 54 Oe, respectively.
Line shift. Recently, Arias and Mills 20 proposed a model for thin films, based on scattering of the normal mode by bumps and pits on the sample surface or the sample/substrate interface. According to their interpretation, the shift effect may occur only if there is a preferential orientation of the surface imperfections. Contrary to this, we clearly observe a FMR line shift but we have no evidence for a preferential orientation of the surface defects. If we assume that the de- 
A possible origin of the FMR frequency shift can be the magnitude variation of the magnetization due to the existence of intergranular regions 21 (equivalent with variations of crystal periodicity). The perpendicular magnetization component M x can be associated with a magnetostatic energy den-
Applying the simple model of Jamet and Malozemoff, 22 which assumes a sinusoidal variation of the magnetization with amplitude M 1 , we estimate M 1 Ϸ 4 ϫ 10 2 G for sample A and 9 ϫ 10 2 G for samples B and C. These values are 2.5% and 6%, respectively, of the saturation magnetization. Probably the rougher surface topography of substrates B and C leads to larger density magnetization fluctuations.
Spin-wave excitation. The damping constants as determined from the X-band measurements ͑␣ field ͒ and from the permeability spectra ͑␣ frequency ͒ are presented in Table II . For the same sample the values calculated from the permeability spectra are larger than those obtained from the FMR measurements. (In fact the difference is even more pronounced, because we did not take inhomogeneous broadening into account in the X-band measurements, whereas we did so in the permeability analysis via the parameter H 0 ). In addition we observe that ␣ frequency and ␣ field increase with the sample roughness.
In the framework of the two-magnon scattering process, the homogenous broadening of the resonance line is associated with the presence of spin waves with the same energy as the uniform precession mode. The uniform precession mode is scattered by randomly distributed inhomogeneities into these spin-wave modes. As a consequence the damping parameter ␣ will increase (above its intrinsic value) with the number and the volume of the magnetic inhomogeneities. This interpretation is widely accepted. 23 In our case the structural imperfections in the bulk and the surface can be considered as scattering centers in the two-magnon process. For H dc oriented in the plane the uniform FMR mode is degenerate, where the whole spin-wave band is reflected in the damping parameter evolution from small values for sample A to presumably very large values for sample C.
V. CONCLUSIONS
We have demonstrated that the high-frequency magnetic response can be influenced by changes of the substrate roughness obtaining a "tunable" magnetic material with high A possible route of further investigations is to continue this study for thin films deposited on patterned substrates obtained, for instance, by laser interference lithography. 24 In this way the magnitude of the local demagnetizing field can be controlled in an easier manner. Complementary, FMR field dependence measurements realized with the external applied field oriented perpendicular to the sample surface would be quite interesting. This is because in such geometry the two-magnon scattering process is absent, and as a result it could yield a more definite proof why we have an unusual large damping constant in our samples. 
